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Promising solid-state single-photon sources and cavity quantum electrody- 
namic schemes have been realized on the basis of coupled quantum dot and 
micro-/nano cavity systems jlj, I2I. Recent experimental studies on the single 
quantum dot (QD) level showed a pronounced emission at the cavity resonance 
even for strongly detuned dot-cavity systems This behaviour is in- 

dicative of a complex light-matter interaction in a semiconductor well beyond 
the widely used two-level emitter-cavity schemes. Different mechanisms such 
as photon-induced 'shake-up' processes in charged quantum dots |j6j], dephasing 
processes and phonon-mediated processes [10] are currently discussed to 

understand the experimentally observed features. A well prepared and clearly 
defined experimental situation is therefore mandatory to gain a thorough un- 
derstanding of the responsible physical mechanisms behind the non-resonant 
dot-cavity coupling. 

Here we present experimental investigations on the non-resonant dot-cavity 
coupling of a single quantum dot inside a micro-pillar where the dot has been 
resonantly excited in the s-shell, thereby avoiding the generation of additional 
charges in the QD and its surrounding. As a direct proof of the pure single 
dot-cavity system, strong photon anti-bunching is consistently observed in the 
autocorrelation functions of the QD and the mode emission, as well as in the 
cross-correlation function between the dot and mode signals. Strong Stokes and 
anti-Stokes-like emission is observed for energetic QD-mode detunings of up to 
~ 100 times the QD linewidth. Furthermore, we demonstrate that non-resonant 
dot-cavity coupling can be utilized to directly monitor and study relevant QD 
s-shell properties like fine-structure splittings, emission saturation and power 
broadening, as well as photon statistics with negligible background contribu- 
tions. 

Our results open a new perspective on the understanding and implementation 
of dot-cavity systems for single-photon sources, single and multiple quantum dot 
lasers, semiconductor cavity quantum electrodynamics, and their implementa- 
tion, e.g. in quantum information technology [llj. 

High Q-factor nano- and micro-cavities can enhance or suppress the spontaneous emission 
of photons, e.g. from a quantum dot, coupled to a well defined mode by the Purcell effect 
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|12| . For very high-Q (i.e. weakly damped) cavities the spontaneous emission can even 
become a reversible process so that quantum entanglement of radiation and matter becomes 
possible, in the so-called strong coupling regime jl2l]. Resonantly coupled single quantum 
dot nano- and micro-cavity systems, i.e. with QD and cavity mode in resonance, have 
been realized both in the weak coupling [l^ and the strong coupling regime [l4, 15, 



16|. Recent experimental results also show significant emission at the cavity resonance 
even if the single quantum dot is not in resonance with the cavity mode [s], 0, [sj. Similar 
observations have also been reported from nano-cavity laser structures with only few QDs 
as the active medium • This so-called non-res onantly coupled emission mechanism is not 
well understood and controversially discussed in the literature: Kaniber et al. 6| suggested 
that the experimentally observed coupling between a single QD and a photonic crystal cavity 
mode is mediated by photon-induced ^ shake-up^ -like processes in charged quantum dots. In 
their theoretical work , Naesby et al. and Auffeves et al. demonstrated that dephasing 
shifts the emission intensity towards the cavity frequency, whereas Tarel and Savona 10 1 
showed the important role of the electron- acoustic-phonon interaction for understanding the 
emission properties. From the experimental point of view it is desirable to study the coupling 
mechanism via purely resonant excitation of the QD s-shell in order to obtain a better 
understanding of the underlying physics. However, in all experimental studies such a purely 
resonant excitation of the QD s-shell has not been performed so far. The non-resonantly 
coupled system we use is based on individual self-assembled (In,Ga)As/ GaAs QDs embedded 
in a high-quality micro-pillar cavity. To ensure single exciton generation and to suppress 
background emission we use purely resonant s-shell excitation of an uncharged QD at low 
temperatures (T < 30 K). Signatures of strong emission coupling are observed for both 
negative and positive spectral detunings between a single QD and the fundamental cavity 
mode. Furthermore, we demonstrate that the cavity mode emission can be conveniently used 
to monitor essential QD s-shell properties in high detail while avoiding the complications 
involved with direct investigations of the resonance fiuorescence and/or transmission (e.g. 
stray light) and refiection experiments (e.g. nano- apertures, noisy background, or demand 
on high setup sensitivity). 

For all investigations in the current work, a special orthogonal geometry of sample excita- 
tion and emission detection was used (Fig. lb; for details, see methods section) in order to 
optically address and study the emission characteristics of single QDs in selected micro-pillar 
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structures. Figure la shows a characteristic low-temperature (T = 22 K) photolumines- 
cence spectrum of a micro-pillar cavity under p-shell excitation of a single QD. Two emission 
lines are visible and are identified as excitonic emission from the QD (~ 1.3574 eV) and fun- 
damental mode emission (~ 1.3577 eV) of the pillar cavity. In order to study the physical 
origin of the mode emission in more detail, photon auto- and cross-correlation measurements 
between the two lines have been performed and are displayed in Figs. Ic - e. All correlation 
measurements display pronounced photon anti-bunching. The auto- correlation of the single 
QD (trace c) displays perfect anti-bunching (i.e. g^'^^r = 0) = 0.0(2); deconvoluted value) 



as expected for a single quantum emitter [18|. Surprisingly, also the mode itself exhibits a 



strongly reduced g^'^\0) value of 0.20 ± 0.02, demonstrating that the observed mode emission 
is mainly (~ 90 %) originating from a single quantum emitter. The signature of strong pho- 
ton anti-bunching even in the cross-correlation of these two lines (with ^'^^■'(O) = 0.10 ± 0.02) 
demonstrates a pronounced non-resonant dot-cavity coupling between the same single QD 
and the ~ 280 /xeV detuned pillar mode as was also consistently observed by other groups 
3|, 14] under non-resonant barrier pumping and p-shell excitation, respectively. The effect is 
not yet clarified from a theoretical perspective, thus making further detailed studies indis- 
pensable to gain a deeper understanding of the underlying processes. Furthermore, as we 
show in the following, this non-resonant dot-cavity coupling can be utilized to effectively 
transfer and 'monitor' the information of various relevant QD s-shell characteristics onto a 
nearly background-free coupled mode channel. 

In Figs. 2a and b, the effect of non-resonant QD-cavity coupling is demonstrated for both 
positive and negative QD-mode detunings AE = +200 /leV (-380 /xeV) at T = 10 K (29 K). 
Excitation laser frequency scans are performed on the s-shell resonance of a single quantum 
dot, and the resulting spectra are displayed as a function of the laser-exciton detuning 6. 
Under consecutive variation of the laser frequency, two prominent effects can be clearly 
observed. First, a strong increase in the composite signal of the QD s-shell emission and 
scattered laser light demonstrates the excitation of resonance fluorescence from the quantum 
emitter. Furthermore, in parallel with the generation of resonance fluorescence, significant 
emission signal is also observed from the detuned pillar mode. Worth to note, this effect is 
found over a wide temperature range, with positive and negative QD-mode detunings of up 
to ~ 100 X the single quantum dot s-shell emission FWHM (or up to ~ 4 x the fundamental 
mode linewidth). In Fig. 2c we plot the relative mode emission intensity ratio, normalized 
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to the sum of QD and mode emission, as a function of QD-mode detuning A£^. Each data 
point represents the conditions of fully resonant excitation {6 = 0) into the QD s-shell at a 
constant power level {Pq = 300 nW). Interestingly, a pronounced increase of the normalized 
mode intensity is traced with increasing temperature - in spite of the increasing QD-mode 
detuning AE{T). A large relative coupling efficiency of ~ 72% is observed from the collected 
signal. These results strongly support the recent suggestion that phonon-mediated processes 
may play a dominant role for the non-resonant dot cavity coupling 0, [lo|. In particular, 
due to the resonant excitation process of single neutral excitons in the QD we can exclude 

n 

photon-induced 'shake-up' processes p in our samples. 

Figures 3a - d display results of laser resonance scan series (a, b: T = 18 K, c, 
d: T = 26 K) on the s-shell of the single QD in pillar 2, in direct comparison with the 
emission characteristics of the non-resonantly coupled pillar mode. In the corresponding 
top and bottom traces, each data point represents the integrated intensity derived from 
Lorentzian line fits to the mode (plots a, c) and the QD s-shell emission (plots b, d), 
respectively. As a consequence of resonant excitation the direct QD s-shell signal is composed 
of resonance fiuorescence and laser stray light, refiected as a small non- vanishing background 
level for large detunings 6 from the resonance (traces b, d). The data sets in a and b 
observed at T = 18 K reveal distinct doublet structures with similar linewidths and energy 
splittings {AEpss = 11 ± 0.3 /leV). The doublet structure of the excitonic line is caused 
by the electron-hole exchange interaction in an asymmetric QD 191]. In Figs. 3c and d 
the known effect of power broadening |20| of the excitonic line under resonant excitation is 
compared with the coupled mode emission. A significant line broadening is clearly visible 
under stepwise increasing laser powers, revealing high quantitative accordance between the 
FWHM of the /x-PL lines in the data sets c and d. Please note that these power-dependent 
measurements have been performed at T = 26 K, and as a consequence the fine structure 
splitting remains unresolved due to the significant thermal broadening of the line. Our 
results demonstrate that relevant QD s-shell properties like the excitonic fine structure, the 
relative emission strengths and spectral widths, as well as the power broadening of these /i-PL 
lines can be accurately monitored via the almost background-free mode emission. 

Moreover, in the following we demonstrate that the QD emission saturation and the 
photon statistics under resonant s-shell excitation can also be conveniently measured via 
the coupled micro-pillar mode. Figure 4a depicts results of a power series on a resonantly 
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(s-shell) pumped single QD for an emitter-mode detuning of AE = +200 /leV, monitored 

via the fundamental cavity mode. We observe the characteristic saturation behavior of a 

□ 

resonantly pumped single quantum dot [20|. The experimental data has been fitted by a 



theoretical model 



2l| to describe the emission saturation of a resonantly excited two-level 



system (see also methods section). Under the given experimental conditions we obtain fit 
values of Ti = 670 ± 50 ps for the radiative lifetime and T2 = 460 ± 50 ps for the emission 
coherence. With respect to the radiative lifetime of the decay, high conformity is found 
from a comparison with the results of independent time-resolved spectroscopy measurements 
(TCSPC; see inset in Fig. 4a), yielding a value of Ti = 650 ± 20 ps. 

Figure 4b displays the auto-correlation measurement of another resonantly (s-shell) 
pumped single QD (pillar 3) with a large emitter-mode detuning of AE = +440 fieV. Under 
purely resonant {6 = 0) pumping of the QD s-shell, the correlation was taken on the coupled 
fundamental cavity mode signal (see inset spectra). For the regime of low excitation powers 
applied in the experiment, a single correlation- 'dip' but no oscillatory behaviour is expected 
for the g^'^^T ~ 0) trace around zero delay (see methods section). Indeed, very pronounced 
photon anti-bunching is found in the measured data from the pillar mode with ^'^^■'(O) ~ 0.26, 
derived from a convoluted fit to the experimental trace (bold red line) under consideration 
of the temporal resolution tmp of our setup. Applying the same fit parameters (i.e. Ti 
and T2 under the given conditions) as before, but assuming now full temporal resolution 
(as shown by the de-convoluted dashed curve), even the ideal case of g^'^\0) = 0.0(2) for a 
single quantum emitter is achieved. In clear contrast to the background-limited conditions of 
p-shell excitation discussed in Fig. le, the data of Fig. 4b nicely demonstrates the absence 
of background light, i.e. pure single-photon emission under the given conditions of strictly 
resonant excitation into the QD s-shell, monitored via a non-resonantly coupled pillar mode. 

As a concluding remark, we envision that the demonstrated technique of resonance fiuo- 
rescence emission 'monitoring' via efficient non-resonant emitter-mode coupling in a micro- 
resonator represents a very versatile and powerful tool for fundamental studies on the single 
quantum-dot level. The large coupling efficiencies demonstrate the exciting potential of this 
technique for resonantly pumped single-photon sources with negligible background. Under 
proper conditions, even a high degree of photon indistinguishability can be anticipated |9l]. In 
general, the technique should be applicable to a large variety of state-of-the-art micro-cavity 
geometries, thus allowing for cavity-QED studies with unprecedented detail. 
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Methods Summary 

We use single (In,Ga)As/GaAs quantum dots (QDs) in all-epitaxial high-quality vertical 
cavity micro-pillar cavities to study in detail the effect of non-resonant emitter-mode cou- 
phng at cryogenic temperatures T < 30 K. For these investigations a novel sample design and 
measurement geometry is chosen, providing optical access to individual micro-cavity pillar 
structures close to a cleaved edge of the sample structure. Optical laser excitation in the lat- 
eral plane of QD growth is combined with emission detection along the vertical pillar axis. 
This technique provides an enhanced separation of resonance fluorescence from scattered 
laser signal with sufficient signal-to- noise contrast. Resonant s-shell excitation of single QDs 
is provided by a continuous-wave (cw) narrow-band (500 kHz) tunable Ti:Sapphire laser with 
30 GHz scan range. By controlled utilization of the different temperature-dependence of cav- 
ity mode spectra and QD s-shell states, a systematic study of the non-resonant emitter-mode 
coupling effect in 'Stokes' and 'Anti-Stokes' configurations is enabled. The high efficiency 
of this coupling mechanism is used for a background-free 'monitoring' of numerous essential 
QD s-shell properties via the coupled (and detuned) pillar mode emission. 
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Figure 1: Photon statistics of a non- resonantly coupled QD-micro-pillEir 
cavity system, a, Low-temperature {T — 22 K) micro-photoluminescence spectra of the 
s-shell of a single (In,Ga)As/GaAs QD coupled to the spectrally detuned fundamental 
mode of a micro-pillar cavity (pillar 1). In this case, optical excitation of the QD is applied 
via laser absorption in the first excited state (p-shell), ~ 22 meV higher in energy (not 
shown). Please note that in these /i-PL spectra the resolution is limited to ~ 35 /xeV. b, 
Orthogonal geometry of excitation and detection in our //-PL experiments: Micro-pillars 
close to a cleaved sample edge are individually addressed by a focused laser within the 
lateral QD growth plane; //-PL emission is detected along the vertical micro-pillar axis, 
c — e, Second-order photon auto-correlation measurements on the pure QD or mode 
emission (traces c and e, respectively), together with the cross-correlated QD-mode signal 
(d) observed from pillar 1. The bold (dashed) lines represent theoretical fits to the data 
(open circles), convoluted (de-convoluted) with respect to the detector response time 
tiRF — 400 ps, respectively. 

Figure 2: Laser (5-frequency scanning over a single quantum dot s-shell reso- 
nance for different dot-cavity detunings AE. a and b, Selected spectra from detailed 
cw-laser resonance scan series of a coupled QD-cavity system (pillar 2) for the case of posi- 
tive {AE = +200 /teV at T = 10 K) and negative {AE = -380 pieV at T = 29 K) spectral 
QD-mode detuning. In full consistence with the experimental findings from several stud- 
ied coupled QD-cavity systems, either case of QD-mode detuning AE indicates a strong 
non-resonant coupling mechanism between the resonantly excited QD fluorescence and the 
micro-pillar mode emission. As demonstrated in series a and b, maximum QD resonance 
fluorescence under s-shell excitation (i.e. laser detuning 5 — GHz) consistently appears 
with maximum 'Stokes' {AE > 0) or 'anti-Stokes' {AE < 0) mode signal, c, Normahzed 
mode emission ratio as a function of QD-mode detuning AE{T), demonstrating increasing 
mode emission with increasing detuning (i.e. temperature T) from the coupled single QD. 
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Figure 3: Monitoring single QD s-shell emission properties via a non- 
resonantly coupled pillEir mode, a, b, High-resolution s-shell resonance scan (frequency 
step width: ~ 270 MHz) on the single QD in micro-pillar 2, taken at T = 18 K under low 

excitation power (Pq = 100 nW). Laser tuning over the s-shell clearly reveals a structural 
asymmetry-induced fine structure doublet signature with AEpss = 11-3 ± 0.3 fieV in the 
spectrally integrated emission intensity (trace b), which is composed of QD resonance 
fluorescence and scattered laser signal. Prom a comparison with the mode signal (detuning 
AE — -1-180 fjLeV) in trace a, detailed 'mapping' of all spectral features of the non-resonantly 
coupled QD emission is observed, c, d, Excitation power-dependent s-shell resonance scan 
series of the same QD (pillar 2), demonstrating the effect of power-broadening for a reso- 
nantly pumped two-level system (trace d). A high level of consistence with corresponding 
data from the coupled mode emission in c is found. Note that due to an increased sample 
temperature of T = 26 K, emission fine structures remain unresolved in this case. 

Figure 4: QD emission saturation monitoring via a coupled micro-pillar mode. 

a, Power series of the resonantly (s-shell) pumped single QD inside pillar 2 for a QD-mode 
detuning of -1-200 /ieV. Data points represent the spectrally integrated emission signal of the 
non-resonantly coupled micro-pillar mode. The denoted values of Ti (radiative lifetime) and 
T2 (coherence length) are temperature-sensitive fit parameters to the data. The value of 
Ti has been independently verified by time-resolved spectroscopy (TCSPC; see inset figure) 
under p-shell excitation. Monitoring of single-photon generation from a resonantly 
excited QD. b, Photon auto-correlation measurement on the fundamental mode emission 
of another coupled QD-mode system (pillar 3; AE = +440 fieV) under weak (Pq = 300 nW) 
and purely resonant s-shell excitation of the dot. Despite the large detuning from the emit- 
ter, the mode signal fully reflects the ideal case of background-free single-photon emission 
from the coupled QD. The bold (dashed) lines represent theoretical fits to the g^'^^r) data, 
convoluted (de-convoluted) with respect to the temporal setup resolution. 
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Methods 



Sample Growth and Preparation 

Our samples were grown by molecular beam epitaxy on a GaAs substrate. The initial 
planar sample structure consists of a single layer of self-assembled (In,Ga)As QDs (indium 
content ~ 45%; lateral QD density ~ 10^° cm^^) which is positioned at the center of a 1 A- 
thick GaAs barrier layer. On top and below the central cavity layer, 26 and 30 periods of 
alternating A / 4-thick layers of AlAs/GaAs were grown to form distributed Bragg reflectors 
(DBRs), respectively. Micro-pillar resonator arrays were fabricated by a combination of 



electron-beam lithography and reactive ion etching, details of which are described in |22 |. 
For our studies we have cleaved the structured sample along the major orientation axes of 
the micro-pillar arrays, leaving a lateral distance of less than 5 fim between the outer row of 
pillars and the sample edge for optimum optical access. A single pillar structure contains only 
150-250 QDs on average which are additionally spectrally spread due to their inhomogeneous 
distribution within the whole dot ensemble (peak position at 1.37 eV; FWHM ~ 100 meV). 



Experimental Setup 



In our studies, the sample was mounted in a cold-finger He-fiow cryostat and stabilized 
to temperatures of T < 30 K with ± 0.5 K accuracy. Optical excitation of individual micro- 
pillars was provided by either a tunable narrow-band (Az/ = 500 kHz (FWHM)) continuous- 
wave (cw) Ti:Sapphire ring laser or by a mode-locked tunable Ti:Sapphire pulse laser 
(76 MHz repetition rate; ~ 2 ps pulse width) used in time-resolved micro-photoluminescence 
(TCSPC). A computer-controlled 3D-precision scanning stage equipped with a 50x micro- 
scope (fiber-coupled, SLWD, NA = 0.45) was horizontally adapted to the cryostat unit 
and used for selective optical excitation of QDs within their lateral growth plane. Fig. lb 
schematically depicts the orthogonal geometry of excitation and emission detection (50x 
microscope, SLWD, NA = 0.45) along the vertical micro-pillar axis. This setup allows for 
a repetitive and long-term stable addressing of individual micro-pillars under strong sup- 
pression of scattered laser stray light. Stray light suppression was additionally improved by 
use of adjustable pin-holes (PH) within the detection path towards the monochromator (not 
shown), which limit the area of detection in the focal plane to an effective spot diameter 
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of ~ 2 fim. The collected light was spectrally dispersed by one or two 1200 line/mm grat- 
ing spectrometers each equipped with a £A^-cooled high-sensitivity charge-coupled device 
(CCD) camera for time-integrated photon acquisition. To investigate the photon emission 
statistics, a Hanbury Brown and Twiss-type (HBT) setup [23] for g^'^^r) second-order auto- 
correlation measurements was used. In these correlation measurements, the collected and 
spectrally pre-filtered photon stream is divided by a 50/50 non-polarizing beam splitter into 
two symmetric paths, each equipped with an avalanche photo diode (APD) for efficient 
single-photon detection. Using a time-to-amplitude converter to transform the measured 
time separations r = tstop — t start of photon coincidences between the designated 'start' and 
'stop' APD channels, the full correlation is stored into a multichannel analyzer. Limited 
by the response time of the APDs, our HBT setup provides a full temporal resolution of 
Aires ~ 400 ps. As discussed in the main text, a correct interpretation of the quality of 
single-photon generation in terms of 'anti-bunching' in g^'^^r) measurements demands data 
de-convolution with the instrumental temporal response function (here: Gaussian profile of 
FWHM AtiRp). 



Theoretical Data Analysis 

According to the theoretical expectations for a resonantly pumped two-level system un- 



der zero laser detuning 6 = 
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24| . the emission rate (i.e. intensity) of spontaneous 



recombination from the excited state obeys the relation 

/.e.(Po) OC -^^-^/^ . (1) 

According to this expression, emission saturation is expected for a regime of strong excita- 



tion where VL^ ^ 1/ 1^(1^7^. In order to enable an explicit fit to our experimental example 
data shown in Fig. 4a, the proportionality VP' = (3Pq between excitation power Pq and 
effective Rabi frequency has been substituted in the above expression. By consideration 
of the independently verified values of Ti (radiative life time) and coherence T2 = 2h/rQ 
(with Fq as the zero-power limit of emission linewidth), high conformity is achieved with 
the experimental mode emission saturation behaviour, which therefore refiects the charac- 
teristics of the coupled, resonantly pumped QD. We like to emphasize that the exact value 
of Ti strictly depends on the actual Purcell enhancement, i.e. the AE detuning- dependent 
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emitter-mode coupling. In temperature-dependent tuning experiments, the value of T2 is 
influenced by the effect of pure dephasing by phonon coupling which increases the emission 
linewidth with increasing temperature T. 

Investigations on the photon emission statistics have been performed under the conditions 
of either (a) off-resonant excitation into the first excited (p-shell) state of single QDs (see 
Fig. Ic - e as well as (b) purely resonant excitation into the QD s-shell (Fig. 4b). In either 
case, the raw correlation data is normalized to the expectation value of correlation events 
for a Poisson-distributed source, i.e. N'^^^^^^^ = N start ■ Ngtop ■ ^tint ■ ^tucA [2a|. In this 
expression, Nstart,stop correspond to the detector count rates, Atint represents the total time 
of integration, and AtMCA is the temporal bin width of a single channel of the multi-channel 
analyzer used for accumulation. 

(a) As is demonstrated by the dashed lines in Figs. Ic - e for the case of off-resonant 
excitation, the Poisson-normalized correlation data traces can be described by a simple 



theoretical expression 26|] of the form 

(^(2)(r) = l-p2exp(-|r|/U . (2) 

In this notation, p = S/{S + B) represents the signal-to-background ratio of the detected 
/i-PL signal, tm is the (excitation power-dependent) anti-bunching time constant, and r = 
tstop — tstart is the mcasured photon-photon delay, respectively. In order to additionally 
account for the limited temporal resolution if the detection system, the above expression 
has to be convoluted by the instrumental response function, which was assumed Gaussian- 
shaped with 2a ^ AtjRF = 400 ps in our case. As is discussed in the text, the convoluted 
function (bold traces) reveals good quantitative agreement with the experimental g^'^^r) 
data, allowing for a correct interpretation of the quality of single-photon generation. 



(b) Under the conditions of strictly resonant QD s-shell excitation 27|] and in the limits 



of weak optical pumping, the Poisson-normalized correlation is theoretically expressed by 

In this weak power regime, no Rabi oscillations are expected. In the above expression, Ti 
and T2 represent the radiative lifetime and the emission coherence time of the transition, 
respectively. A corresponding fit (dashed line) has been applied to our experimental data in 
Fig. 4b, which reflects single QD resonance emission coupled to a pillar mode. In order to 
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analyze the influence of limited time resolution, also here a convolution with the instrumental 
response AtiRp (bold line) is applied in comparison with the idealized fit of Eq. [31 As is 
discussed in the main text, we could verify the ideal conditions of background-free single- 
photon emission from the measured mode signal, which fully reflects the expected emission 
statistics of the coupled QD. 
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